Abstract: Agricultural soils from Dongchuan copper mining area were sampled and analyzed to determine the concentrations of selected trace elements, namely As, Cd, Cr, Cu, Hg, Ni, Pb and Zn. The main objectives of this study were: (1) To determine the levels of trace elements and their spatial distribution in soils; (2) to evaluate the potential ecological risk; and (3) to identify the main sources of risk element pollution. The environmental risks were assessed using five different contamination and pollution indexes. Descriptive and exploratory statistical analyses were performed to identify the relations among the trace elements in soils and possible sources of pollution. Although the values of As, Cu and Zn in the soils were significantly higher than Yunnan background values and exceeded the limits of the Chinese national standards in several sampling points, the most serious threat for the ecosystem and human health was represented by Cd. The main sources of Cu and As were identified mining activities, airborne particulates from smelters and the weathering of tailings, and partly also agricultural fertilizers. The major source of Cd was agricultural fertilizers and partly sources associated with mining and smelting activities.
Introduction
Mining and metallurgical activities have long been recognized as important producers of waste and environmental pollution. Metalliferous mines, processing plants and smelters, in particular, generate huge amounts of mine tailings, wastewater and dust, which can contaminate the soil by risk elements. These metals and metalloids are transported mainly in the form of wastewater and airborne dust particles [1] [2] [3] [4] [5] . Risk element pollution in soil has been a cause for concern because risk elements are difficult to decompose and may be transported into the human body through the food chain and air. Moreover, they may bioaccumulate [6] [7] [8] [9] .
The Yunnan province is known for its high amount of mineral resources, such as lead, zinc, tin, phosphorus, copper and many others. On the one hand, the mining activities in the province boost the local economy. On the other hand, they cause serious environmental problems. Known as the "copper capital", the Dongchuan Copper ore field is located in the north of Yunnan Province, Southwest China. The total tonnage of copper metal resource is 3.914 Mt with the famous mining history of about 500 years (since A.D. 1525) [10] . On the other side, the broad valleys along the Xiaojiang River are the most important agriculture lands in Dongchuan, and the irrigation mostly relies on the Xiaojiang Sustainability 2018, 10, 4533 3 of 18 mining capacity of 2.255 Mt/a, namely Yinmin mine, Tangdan mine, Luoxue mine and Lanniping mine. In addition to these mines, there are more than 20 other small mines. The main land use types are woodland, waste land, cultivated land, grassland, dwelling land, and mining land. The cultivated land area decreased by 8% in the period between 1996 and 2003. The major land use changes in Dongchuan were in favor of construction and mining area [33] . Comparing the land use between 2006 and 2015 through remote Sensing Interpretation, the construction area increased by 12.9 km 2 and is mainly distributed around Dongchuan City and along the Xiaojiang River. Mining area increased by 4.8 km 2 and is distributed mainly around the pre-existing mines.
Dongchuan mining area is located in the north of Yunnan-Kweichow Plateau. Due to the deep erosion caused by the Xiaojiang River and its tributaries and the regional uplift caused by neotectonic movement, the elevation of the area ranges from about 700 m to about 4000 m. The landform is alpinotype middle alp [32] . The whole mining area is carved up by meridional and transmeridional "V" type valleys. The mountainous region covers 97.3% of the total area, and the rest belongs to the basin area [33] . The topographic slope is generally 30 •~4 0 • .
The total length of the Xiaojiang River is 140 km, the maximum discharge is 674 m 3 /s, while minimum discharge is 6.1 m 3 /s [24] . Due to the special geological conditions and heavy human interventions [33] , there are 107 ravines of debris flow in Xiaojiang drainage basin [34] . Because of the steep terrain and brittle geological conditions, it is very difficult to find an appropriate place to build tailing ponds.
Dongchuan mining area has a moist-semihumid monsoon plateau climate with a clear vertical three-dimensional climate. The average annual temperature in the valleys is 20.2 • C, while that in the mountaintop is 7.1 • C [32] . The annual average precipitation ranges from 600 mm to 1200 mm in dependence on the altitudes [32] . However, the precipitation concentrates in the wet season, which is from May to October, accounting for 85% of the total precipitation. Prevailing wind directions are southern and northern with the annual mean wind speed of 3.4 m/s [35] .
The soil texture in the study area was described as silt loam soil with the mean soil organic matter of 33.14 g/kg [36, 37] . There are seven types of soil distributing from valley to mountaintop, namely dry red soil (<1500 m), brown red soil (1500 m~1700 m), red soil (1700 m~2200 m), yellowish red soil (2200 m~2550 m), yellow brown soil (2550 m~2900 m), dark brown soil (2900 m~3550 m) and subalpine meadow soil (>3300 m), in which red soil is the most widespread type [38] .
Field Sampling
Topsoil samples were taken from actively farmed lands around Dongchuan copper mining area in February 2016. The map of the study area with the sampling sites is shown in Figure 1 . Samples were taken along the Xiaojiang River, Huangshui Creek and Dashui Creek. One sample was collected from the cultivated land on the mountaintop. Soil samples were collected from the soil horizon (0-20 cm). Each sample was composed of 3~5 mixed sub-samples, where 1 kg of the mixture was selected by quartering and then stored in polyethylene zip bags. 
Sample Preparation and Chemical Analysis
All the soil samples were subjected to tests in the Test Center in Kunming. Its laboratories meet the quality system for accreditation in accordance with ISO 9001 and ISO 17025 standards. All samples were oven-dried at 40 °C for 72 h. They were ground, sieved through a 0.15-mm plastic screen, and milled to 0.097 mm for chemical analysis. The pH of the samples was measured in the soil:water (1:5 v/v) suspension using the electrical conductivity method (ISO-10390 2005) by a pH meter INESA PHS-3C. To determine mercury, 0.5 g of each soil sample was digested with concentrated HNO3 (10 mL) and H2SO4 (20 mL) for 1 h at 70 °C [39] . To determine the remaining trace elements, soil samples of 0.25 g were inserted in the acid-washed Teflon beakers. HNO3 (3.0 mL), HClO4 (3.0 mL) and HF (10 mL) were added to each beaker and heated on a hot plate at 180 °C for 1-1.5 h. After cooling, slightly warmed HCl (10 mL) was added. Total values of arsenic and mercury were determined using an atomic fluorescence spectrometer. ICP-MS was used to identify the total value of other elements. Analytical procedures, instrumental models and detection limits are summarized in Table 1 . All the analyses were carried out using guaranteed reagent and ultrapure water. The duplicate sample method was performed with relative deviation below 10%. 
All the soil samples were subjected to tests in the Test Center in Kunming. Its laboratories meet the quality system for accreditation in accordance with ISO 9001 and ISO 17025 standards. All samples were oven-dried at 40 • C for 72 h. They were ground, sieved through a 0.15-mm plastic screen, and milled to 0.097 mm for chemical analysis. The pH of the samples was measured in the soil:water (1:5 v/v) suspension using the electrical conductivity method (ISO-10390 2005) by a pH meter INESA PHS-3C. To determine mercury, 0.5 g of each soil sample was digested with concentrated HNO 3 (10 mL) and H 2 SO 4 (20 mL) for 1 h at 70 • C [39] . To determine the remaining trace elements, soil samples of 0.25 g were inserted in the acid-washed Teflon beakers. HNO 3 (3.0 mL), HClO 4 (3.0 mL) and HF (10 mL) were added to each beaker and heated on a hot plate at 180 • C for 1-1.5 h. After cooling, slightly warmed HCl (10 mL) was added. Total values of arsenic and mercury were determined using an atomic fluorescence spectrometer. ICP-MS was used to identify the total value of other elements. Analytical procedures, instrumental models and detection limits are summarized in Table 1 . All the analyses were carried out using guaranteed reagent and ultrapure water. The duplicate sample method was performed with relative deviation below 10%. 
Data Analysis and Geostatistics
Initially, an exploratory data analysis (EDA) and confirmatory data analysis (CDA) were performed using IBM SPSS Statistics (version 25.0) (IBM Corp., North Castle, NY, USA) and Statgraphics Plus 5.0 statistical software (Statgraphics Technologies, Inc., The Plains, VA, USA). The Shapiro-Wilk test was used to determine whether the data were normally distributed. All statistical analyses and tests were performed at significance levels of p < 0.05 and 0.01. The determination of geochemical background values and threshold values for each variable were performed using iterative 2σ-technique described by Matschullat et al. [40] . This method does not require normally distributed data, and can be used on relatively small datasets [41] . The calculations were performed using Visual Basic macro BACKGROUND published and designed by Nakić et al. [41] .
To identify the relationships among trace elements and pH in agricultural soils and for the identification of major sources of pollution, the correlation analysis and multidimensional statistical methods (cluster analysis (CA) and principal component analysis (PCA)) were performed using OriginPro 9.1 software (trial version). In cases where datasets did not meet the assumption of normality and outliers were identified, the datasets were transformed by a logarithmic transformation.
The main advantage of multidimensional statistical methods is their ability to reduce the number of originally monitored variables to a smaller number of latent variables. The purpose of cluster analysis is clustering of observed parameters and samples into different geochemical groups. Clustering is based on the similarities of the monitored parameters and their chemical properties. CA was conducted according to the Ward-Wishart method. The euclidean metric was employed to measure the distance among the groups. The graphical representation of the hierarchical clustering procedure is a dendrogram. The essence of PCA is a linear transformation of original variables into a smaller number of uncorrelated latent variables (principal components, PCs). The graphical representation of results of principal component analysis is a biplot.
The spatial distribution maps of trace elements and pH were created using Surfer 12 (Golden Software, Inc., Golden, CO, USA). The method of ordinary kriging with an omnidirectional variogram was used for grid calculation. Based on the cross-validation results, the linear interpolation method was applied to construct the maps of spatial distribution of monitored variables in agricultural soils. As in the case of the multidimensional analysis, the logarithmic-transformed datasets were used for geostatistical modeling. Finally, the transformed data were converted using back-transformation into normal (original) values that appear on the maps.
Risk Assessment Methods
To evaluate trace element pollution risk, several indices were calculated in accordance with the equations below.
The contamination factor C i f was proposed by Håkanson [42] and its expression is:
where C i is the measured value of trace element i in the soil sample (mg/kg) and C i n is the geochemical background value of trace element i. The geochemical background values for As, Cd, Cr, Cu, Ni, Pb, Zn [22] and Hg [43] for the Yunnan Province were used in the calculation (Table 2 ). C f value was divided into four categories: C f < 1, low contamination; 1 ≤ C f < 3, moderate contamination; 3 ≤ C f <6, considerable contamination; and C f ≥ 6, very high contamination [42] .
The potential ecological risk index comprehensively evaluates the risk behavior of an element in the environment [42] . Mathematically, E r is calculated as follows: where E r is the potential ecological risk associated with element i, C f is the contamination factor of trace element i, and T r is the toxicity coefficient of element i. Håkanson [42] determined the toxicity coefficients for As, Cd, Cr, Cu, Hg, Pb, and Zn to be 1, 2, 5, 5, 10, 30 and 40 respectively. The degree of E r is classified as follows: E r < 40, low risk; 40 ≤ E r < 80, moderate risk; 80 ≤ E r < 160, considerable risk; 160 ≤ E r < 320, high risk; and E r ≥ 320, very high risk.
The degree of contamination mC d was calculated based on Abrahim's modification of the Håkanson contamination degree C d . mC d represents a generalized form of the overall degree of contamination at a sampling point [42, 44] . Equation (3) was used to calculate mC d .
where N is the number of elements analyzed and C f is the contamination factor. Brady et al. [45] classified mC d into seven grades: mC d < 1. (4):
where mC d is the modified contamination degree calculated from Equation (2) and C fmax is the maximum value of the contamination factor calculated from Equation (1) [46] . Soil pollution according to the Nemerow index can be classified into five groups: P i ≤ 0.7, clean; 0.7 < P i ≤ 1, warning limit; 1 < P i ≤ 2, slight pollution; 2 < P i ≤ 3, moderate pollution; and P i > 3, heavy pollution [47] . Recently, the Nemerow index has been widely used to assess soils [48, 49] , stream sediments [50] and waters [51] . Potential ecological risk index for combined factors RI is calculated as follows:
where E r is the monomial potential ecological risk associated with element i. Håkanson [42] evaluated the RI of eight parameters (As, Cd, Cr, Cu, Hg, Pb, Zn and PCBs). Because PCBs are not included in this study, it is necessary to modify the original grading for the RI using the weighted average method [52] [53] [54] . The modified grades for the RI of seven trace elements are as follows: RI < 105, low risk; 105 ≤ RI < 210, moderate risk; 210 ≤ RI < 420, considerable risk; and RI ≥ 420, very high risk [54] .
Results and Discussion

Trace Element Concentrations
By performing EDA, we found that most of the variables are not normally distributed with many outliers. The outliers can be very important for the identification of pollution sources and therefore were not excluded. For those reasons, the median and interquartile range (IQR) were used to estimate the measure of location and variability.
The basic statistics for all the studied elements and pH values in the topsoils, and the background values and limits for grade II and III of the Chinese standard for soils (GB15618-1995) are summarized in Table 2 . Compared with the GB15618-1995, the medians of the Cu and Cd concentration exceeded the limits of the GB15618-1995, grade II (in the case of Cd also grade III limit of standard). Limits of grade II were exceeded in As, Cd, Cu and Zn in numerous sampling sites. In addition, medians of these elements are much higher than those of the Yunnan natural background (YNB) [22, 43] . The median concentrations of Cr, Hg, Ni and Pb are close to the Yunnan background value and deeply below both the standard limits (GB15618-1995). The pH value of the samples varies between 7.17 and 8.28 and its mean is 7.97, which indicates the moderate alkalinity in nearly all soil samples. This is probably caused by a higher content of calcite and dolomite in the bedrocks, such as calcareous slates or dolomites.
The arsenic value in the samples oscillates between 9.59 and 141.51 µg/g; 48% of the soils show values higher than the limit of 25 µg/g appointed by GB15618-1995, grade II, 33% higher than the 40 µg/g limit for grade III of the standard; and 67% of the soils show a higher value of arsenic than YNB [22, 43] . Arsenic maximum value in the samples was eight times over the YNB, six times over grade II limits and more than three times over the grade III limit.
The cadmium value in the analysed samples was relatively excessive and varies between 0.2 to 3.57 µg/g. Cadmium value in more than 71% of the soils was over the limit of 0.6 µg/g set by grade II, and 57% of the samples exceeded the grade III limit (1.0 µg/g) of the soil quality standard. Cadmium values in 86% of the soils were significantly above the YNB. The significantly increased arsenic and cadmium values in the soils can be related to their presence in the lattice of sulphide minerals [55, 56] . The highest analysed values of Cd are six times higher than the limit for grade II, over 3.5 times higher than the limit for grade III set in the soil standard and over 16 times over the YNB.
The copper value in the samples varies from 45.38 to 2026 µg/g. Values of Cu in almost 86% of the soils are over the limit of grade II (100 µg/g) and 25% over the limits of grade III (400 µg/g) set in the soil standard. Almost 86% of the samples significantly exceeded YNB. The maximum Cu value in the analysed samples was 44 times above YNB, 20 times above the limit for grade II and five times above the limit for grade III set in GB15618-1995.
Zinc values in the soils vary between 55.8 and 484.9 µg/g. More than 10% of the soils surpass the limit of 300 µg/g established for grade II in soil standard, and more than 76% significantly surpass YNB. The highest concentration of Zn analysed in the soils was more than five times higher than the natural background value. The concentrations of Cr, Hg, Ni and Pb were quite low and did not exceed the limits of the national standard. Their values oscillated around YNB.
The concentrations of the main risk elements (Cd and Cu) from our study and similar results from other worldwide Cu smelting and mining localities with comparable soil properties are compared below. Cai et al. [57] presented a study from Daye, Hubei Province, China. The soils in this area contain similar amounts of organic matter (15-20 g/kg) and their pH is slightly acidic to slightly alkaline (6.5-7.5). Their results show a higher value of cadmium (29.58 µg/g) but considerably lower copper values (615.45 µg/g). In accordance with the study by Christou et al. [58] , the values of both main risk elements in soils of Limni mining area, Cyprus, where soils contain a higher amount of clay particles (14-28%) and soil mean pH is moderately alkaline (7.9), show higher concentrations than the results in this study. The highest concentrations described in their study were 6.41 µg/g for Cd and 9653 µg/g for Cu. Zhou et al. [59] published concentrations of Cd from four localities in China, namely: Dexing, Jiangxi province; Yangjiazhangzhi, Liaoning province; Hongqiling, Jilin province; and Baiyin, Gansu province. The soils of Yangjiazhangzhi and Baiyin show properties comparable with soils around Dongchuan, moderate alkaline pH (7.91 and 8.21) and lower values of organic matter [59] . The peak Cd concentrations are significantly higher in Yangjiazhangzhi (22.8 µg/g) and Baiyin (94.0 µg/g).
The results of geostatistical modeling for monitored variables are in Figure 2 . The highest values of As, Cu, Hg, Pb, and Zn and increased concentrations of Cd are found near Tangan Town, around sampling points 19, 20, and 21. In this part of the studied area, there are copper mines, three processing plants and a large tailing pond. Increased concentrations of these risk elements, except for Cd, spread into the surroundings predominantly westwards. The second peak of the concentration of Cu and Cd with increased values of As, Pb, and Zn is located around the sampling points 8 and 9 close to the other copper mine. Very interesting is the occurrence of high concentrations of Cd in the southeastern part of the area. There are no significant industrial sources of pollution in this part of the area. Here, the major source of Cd is probably intensive agricultural activity. As stated by Luo et al. [60] , Cd is considered to be an element typical for agricultural activities because Cd is often found as an impurity in phosphatic fertilizers. Phosphatic fertilizers can also be the source of As contamination [61] . The concentrations of 
Contamination and Environmental Risk Assessment
Based on the C f values, the contaminations of soils are in the following order: Cu > Cd > Zn > As > Ni > Cr > Pb > Hg. According to the average values of the C f , the area is highly contaminated by Cu and Cd. Results of this study show that the soils around Dongchuan (Figure 3a ) are very highly contaminated by cadmium (43% of samples), copper (24% of samples) and arsenic (5% of samples). The soil samples are considerably contaminated by Cu (38%), Cd (24%), Zn (19%), As (14%) and Pb (5%). Values of C f indicate low and moderate contamination for chromium, mercury and nickel in all sampling sites. (Figure 3a) are very highly contaminated by cadmium (43% of samples), copper (24% of samples) and arsenic (5% of samples). The soil samples are considerably contaminated by Cu (38%), Cd (24%), Zn (19%), As (14%) and Pb (5%). Values of Cf indicate low and moderate contamination for chromium, mercury and nickel in all sampling sites.
The order average Er can be expressed as follows: Cd >> Hg > Cu > As > Pb > Ni > Cr > Zn. Its values show a very high risk for Cd and, in contrast, low risk for all other analyzed elements ( Figure  3b) . Our results show that the ecological risk caused by cadmium is very high in 14% of sampling sites, high in 33% of sampling sites and considerable in 33% of sampling sites. The potential ecological risk induced by Cu is high in 5% of sampling sites and considerable in 14% sampling sites. In contrast, all samples indicate low or moderate risk for As and Hg and low risk for Cr, Ni, Pb and Zn.
(a) (b) The mCd values for soil sampling points range from 0.77 and 6.97 (Figure 4a ). Average value of modified contamination degree is 2.8 and it indicates moderate contamination. Based on the mCd, the pollution in soil samples is considerable in 19% of the sampling points, moderate in 48%, slight in 14% and without pollution in 19%.
Nemerow comprehensive pollution index Pi can clearly express the level of pollution in the Dongchuan mining area, especially plotted in the map of the spatial distribution (Figure 4b ). The Pi ranges from 1.3 to 31.3 in soils. The average Nemerow index indicates heavy pollution (Pi = 7.25). The Pi of the majority of sampling points indicates heavy pollution (71%). The other sampling points indicate moderate (14% samples) and slight pollution (14% samples).
The values of RI for soils from sampling points range from 77.98 to 598.19. The mean value of combined potential ecological risk index RI suggests that the soils around Dongchuan influenced by mining activity present a considerable ecological risk (RI = 293). Based on the categories described in Section 2.5, RI shows a very high risk in 24% sampling points, considerable risk in 38% sampling points, and moderate risk in 24% sampling points (Figure 4c ). Only 14% of sampling points show a low risk.
The results of the trace element's concentration analysis and considerably high ecological risk expressed by Er and mCd illustrate that the soils in Dongchuan mining area are seriously polluted mainly by Cd, Cu and As. Contamination by Cd represents a serious threat for the environment and human health, because Cd is considered to be one of the most toxic and carcinogenic trace elements. The results by Zhou et al. [59] from the Cu mining area show relatively high values of transfer factor and a significant positive correlation between Cd concentration in soils and crops. Liu et al. [62] The order average E r can be expressed as follows: Cd >> Hg > Cu > As > Pb > Ni > Cr > Zn. Its values show a very high risk for Cd and, in contrast, low risk for all other analyzed elements (Figure 3b ). Our results show that the ecological risk caused by cadmium is very high in 14% of sampling sites, high in 33% of sampling sites and considerable in 33% of sampling sites. The potential ecological risk induced by Cu is high in 5% of sampling sites and considerable in 14% sampling sites. In contrast, all samples indicate low or moderate risk for As and Hg and low risk for Cr, Ni, Pb and Zn.
The mC d values for soil sampling points range from 0.77 and 6.97 (Figure 4a ). Average value of modified contamination degree is 2.8 and it indicates moderate contamination. Based on the mC d , the pollution in soil samples is considerable in 19% of the sampling points, moderate in 48%, slight in 14% and without pollution in 19%.
Nemerow comprehensive pollution index P i can clearly express the level of pollution in the Dongchuan mining area, especially plotted in the map of the spatial distribution (Figure 4b) . The P i ranges from 1.3 to 31.3 in soils. The average Nemerow index indicates heavy pollution (P i = 7.25). The P i of the majority of sampling points indicates heavy pollution (71%). The other sampling points indicate moderate (14% samples) and slight pollution (14% samples).
The results of the trace element's concentration analysis and considerably high ecological risk expressed by E r and mC d illustrate that the soils in Dongchuan mining area are seriously polluted mainly by Cd, Cu and As. Contamination by Cd represents a serious threat for the environment and human health, because Cd is considered to be one of the most toxic and carcinogenic trace elements.
The results by Zhou et al. [59] from the Cu mining area show relatively high values of transfer factor and a significant positive correlation between Cd concentration in soils and crops. Liu et al. [62] assessed the bioavailability, bioaccessibility and transfer of trace elements in agroecosystem affected by Cu mining and smelting area in the Bayin district, China. Their results show a relatively high bioavailability of Cd using EDTA extraction (64.67%). They also stated that cumulative Cd concentration tended to increase over time. The results of Li et al. [7] from soils around Gejiu polymetallic deposit with slightly alkaline pH (7.6) and organic matter slightly higher than that in this study (61.31 g/kg) showed that the bioavailability of Cd, Pb, and As was high; the soil was polluted by Cd-Pb-As and imposed a great threat to vegetables. The bioavailability of risk elements was positively correlated with the total element concentrations in soil in their study. Exposure to the high concentrations of Cd through the food chain, drinking water or dust particles in the air can cause harmful changes in the liver, kidney, skeleton (osteomalacia, osteoporosis), or respiratory system [63] . Chronic Cd poisoning is typically manifested by neuralgia and ostealgia [64] . assessed the bioavailability, bioaccessibility and transfer of trace elements in agroecosystem affected by Cu mining and smelting area in the Bayin district, China. Their results show a relatively high bioavailability of Cd using EDTA extraction (64.67%). They also stated that cumulative Cd concentration tended to increase over time. The results of Li et al. [7] from soils around Gejiu polymetallic deposit with slightly alkaline pH (7.6) and organic matter slightly higher than that in this study (61.31 g/kg) showed that the bioavailability of Cd, Pb, and As was high; the soil was polluted by Cd-Pb-As and imposed a great threat to vegetables. The bioavailability of risk elements was positively correlated with the total element concentrations in soil in their study. Exposure to the high concentrations of Cd through the food chain, drinking water or dust particles in the air can cause harmful changes in the liver, kidney, skeleton (osteomalacia, osteoporosis), or respiratory system [63] . Chronic Cd poisoning is typically manifested by neuralgia and ostealgia [64] .
(a) (b) (c) 
Correlation Analysis
Correlation analysis of the concentrations of observed parameters in topsoil samples around Dongchuan copper mining area (n = 21) was performed. Since most variables did not meet the assumption of normality and had many outliers, Spearman correlation coefficient (rs) was calculated. The correlation coefficient matrix for the monitored trace elements and pH is shown in Table 3 . 
Correlation analysis of the concentrations of observed parameters in topsoil samples around Dongchuan copper mining area (n = 21) was performed. Since most variables did not meet the assumption of normality and had many outliers, Spearman correlation coefficient (r s ) was calculated. The correlation coefficient matrix for the monitored trace elements and pH is shown in Table 3 . A significant positive relationship (r s = 0.552 to 0.878; p < 0.01) was identified among Cd-Pb-Zn, Hg-Pb-Zn, and between As-Hg and Cu-Zn. Besides, a slightly weaker positive linear relationship (r s = 0.440 to 0.511; p < 0.05) was identified between Cd-Cu, As-Cu, As-Pb, As-Zn, Cu-Hg and between Cd-Hg. The positive linear dependence indicates that the main source of this group of inorganic pollutants is the mining of copper deposits and other related processes. The total concentrations of Cr were significantly positively correlated with Ni (r s = 0.547; p < 0.05). This dependence indicates the existence of a second group of inorganic pollutants (Cr a Ni) originating from a different source. On the other hand, the significant negative correlations between risk elements and pH were identified only in Ni (r s = −0.691; p < 0.01) and Cr (r s = −0.493; p < 0.05).
Multidimensional Statistical Analysis
After performing the cluster analysis (CA), three clusters of topsoil samples were obtained. The analysis results are shown as a dendrogram in Figure 5 . The first cluster included topsoils taken primarily in the southeast part of the study area. This cluster was characterized by high values of all monitored parameters. In this part of the study area, there are many smelter factories, two large and many small tailing ponds.
The second cluster consisted of the topsoils with the highest content of Cu and As and higher contents of Cd, Hg, Pb and Zn. This group of topsoils was taken near the processing plants, in the mining areas and in their proximity. Their high values are related to the intensive mining and processing activities in this part of the study area. The results are consistent with the results of correlation analysis and spatial distribution of Cu, As, Cd, Hg, Pb and Zn (Figure 2a,b,d,e,g,h) .
The third cluster included topsoils collected primarily in the marginal parts of the area. This cluster is characterized by moderately elevated values of Ni and Cr and low values of Cd, Hg, Pb, Zn, As, and Cu. The concentrations of these risk elements vary slightly. They are lower or comparable with the limits for grade II of the soil standard. This indicates that Ni and Cr originated mainly from lithogenic sources. This assumption is confirmed by the results of the Spearman's correlation analysis.
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Based on the above mentioned, the results suggest that the main sources of As, Cu, Cd, Hg, Pb and Zn are intensive mining and processing activities. The distribution of these risk elements into two clusters is caused by the type of Dongchuan deposits containing primarily Cu sulfides, such as Comparable results were obtained from PCA. A total of two significant principal components were extracted after performing PCA. The first principal component (PC1) and second principal component (PC2) accounted for 49.84% and 21.55% of the total variance, respectively, and the two components could explain 71.38% of the total variance. PCA results are shown as a biplot, where PC1 vs. PC2 are represented, in Figure 7 . In the biplot, three groups of soil samples can be easily identified. The soil samples are grouped very similarly to the dendrogram ( Figure 5 ). The first group is located in the negative part of PC1 and consists of samples 10-13, and 16 with the lowest concentrations of all trace elements. The second group of samples 1-7, 14, 15, and 17 is distributed around the center. These soil samples are characterized by higher concentrations of all monitored elements, especially by Cd, Pb, As, Hg, Zn and Cu. With regard to grouping of sample 17, the PCA results differ from the CA results. The results of the PCA clearly show that the sampling point 17 is slightly influenced by the mining and processing activities in its vicinity. The third group is located in the positive part of PC1 and consists of samples 8, 9, and 18-21 with the highest concentrations of monitored elements. PC1 was loaded Cd, Pb, As, Hg, Zn and Cu, and PC1 can be defined as the mining and processing factor. PC2 is in its positive part primarily comprised of elemental association Cr-Ni. This is consistent with the results Comparable results were obtained from PCA. A total of two significant principal components were extracted after performing PCA. The first principal component (PC1) and second principal component (PC2) accounted for 49.84% and 21.55% of the total variance, respectively, and the two components could explain 71.38% of the total variance. PCA results are shown as a biplot, where PC1 vs. PC2 are represented, in Figure 7 . In the biplot, three groups of soil samples can be easily identified. The soil samples are grouped very similarly to the dendrogram ( Figure 5 ). The first group is located in the negative part of PC1 and consists of samples 10-13, and 16 with the lowest concentrations of all trace elements. The second group of samples 1-7, 14, 15, and 17 is distributed around the center. These soil samples are characterized by higher concentrations of all monitored elements, especially by Cd, Pb, As, Hg, Zn and Cu. With regard to grouping of sample 17, the PCA results differ from the CA results. The results of the PCA clearly show that the sampling point 17 is slightly influenced by the mining and processing activities in its vicinity. The third group is located in the positive part of PC1 and consists of samples 8, 9, and 18-21 with the highest concentrations of monitored elements. PC1 was loaded Cd, Pb, As, Hg, Zn and Cu, and PC1 can be defined as the mining and processing factor. PC2 is in its positive part primarily comprised of elemental association Cr-Ni. This is consistent with the results In the biplot, three groups of soil samples can be easily identified. The soil samples are grouped very similarly to the dendrogram ( Figure 5 ). The first group is located in the negative part of PC1 and consists of samples 10-13, and 16 with the lowest concentrations of all trace elements. The second group of samples 1-7, 14, 15, and 17 is distributed around the center. These soil samples are characterized by higher concentrations of all monitored elements, especially by Cd, Pb, As, Hg, Zn and Cu. With regard to grouping of sample 17, the PCA results differ from the CA results. The results of the PCA clearly show that the sampling point 17 is slightly influenced by the mining and processing activities in its vicinity. The third group is located in the positive part of PC1 and consists of samples 8, 9, and 18-21 with the highest concentrations of monitored elements. PC1 was loaded Cd, Pb, As, Hg, Zn and Cu, and PC1 can be defined as the mining and processing factor. PC2 is in its positive part primarily comprised of elemental association Cr-Ni. This is consistent with the results of the correlation analysis, spatial distribution (Figure 2c,f,i) and CA. The main sources of Cr and Ni are probably lateritic soils within the study area. As stated by Schwertmann and Pfab [65] , de Oliveira et al. [66] , and Johnston and Chrysochoou [67] , Cr and Ni in laterites are associated with goethite and hematite. It is clear that PC2 can be labelled as a lithogenic factor.
Conclusions
The agricultural soils around Dongchuan copper mining area contain extremely high concentrations of As, Cd and Cu. Compared with the GB15618-1995, concentrations of As, Cd, and Cu exceeded the limits of grade III in 38%, 57%, and 24% of samples. The limits of grade II were exceeded in As, Cd, Cu, Ni, and Zn. The pH value of the samples varied between 7.17 and 8.28, which indicates the moderate alkalinity in nearly all the soil samples. The results of this study and considerably high ecological risk expressed by E r and mC d suggested that the soils in Dongchuan mining area are seriously polluted mainly by Cd, particularly by Cu and As. The contamination by Cd represents a serious threat to the environment and human health, because Cd is considered one of the most toxic and carcinogenic heavy metals. The geostatistical models imply that the highest concentrations of As, Cu, Hg, Pb, Zn, and Cd are located near Tangan Town. Here the main sources of pollution are copper mines, three processing plants, and a large tailing pond. The second peak of Cd values was identified in the southeastern part of the monitored area, where agricultural activity is probably the main source of this pollutant. The correlation analysis, cluster analysis, and principal component analysis proved that the main source of As, Cu, Cd, Hg, Pb and Zn is of an anthropogenic origin, such as intensive mining and processing activities. Cr and Ni are released from natural sources, namely the lateritic soils within the study area.
The contamination of the soils by Cd in the area is alarming and such a situation requires immediate and effective measures to prevent further pollution of the ecoagrosystem. Firstly, the best practice and cleaner production should be implemented in mining and smelting activities to decrease emissions of the risk elements in wastewater, gases and solids into the environment. Secondly, the amount of waste material emitted by mines and smelters in the area should be monitored periodically and the environmental laws and regulations should be complied with strictly. Thirdly, the fertilizers used in the farmlands should be tested and chosen with respect to the risk elements content to avoid further accumulation of Cd and As in the soils. Finally, the risk elements in local farmers' products need to be detected before they enter the market.
Further research should focus on the following issues: (1) Assessment and monitoring of the risk element's contamination of the air-borne dust, stream waters and sediments; (2) assessment of bioavailability, bioaccumulation and transfer of risk elements in the ecosystem; and (3) characterization of the mineralogy, fractionation and reactivity of metals in the environment.
